Study aim: Taekwondo is known for its very dynamic sports fighting, in which the athletes perform strikes mainly with their lower limbs. The aim of the study was to compare the differences between the impact force of strikes performed with the dominant and non-dominant limbs and its correlation with anthropometric indicators. Material and methods: Six elite Olympic taekwondo players took part in the research (20.0 ± 3.2 years, 185.0 ± 8.5 cm, 75.3 ± 10.9 kg). Body composition including body mass, percent of body fat (FATP), fat mass (FATM), fat-free mass (FFM) and muscle mass (MM) was determined by bioelectric impedance analysis. Maximal strike impact force (F max ) and F max relative to FFM (F max · FFM -1 ) of roundhouse kick (dollyo chagi) and side kick (yop chagi) were measured using a dynamometric punching bag with an embedded accelerometer. Results: We found significant differences between the dominant limb (DL) and non-dominant limb (NL) in anthropometric analysis: FATP was 10.52 ± 5.38 % and 11.32 ± 4.83 %, FFM was 11.87 ± 0.97 kg and 11.43 ± 1.09 kg, MM was 11.25 ± 0.92 kg and 10.82 ± 1.02 kg for DL and NL respectively. In dollyo chagi F max and F max · FFM -1 were higher for DL than NL and were 2733 ± 748 N and 2206 ± 778 N, 41.34 ± 8.16 N · kg -1 and 33.29 ± 9.02 N · kg -1 respectively. Yop chagi has a lower impact force compared to dollyo chagi. F max and F max · FFM -1 for DL and NL were 1763 ± 303 N and 1779 ± 372 N, 26.76 ± 3.07 N · kg -1 and 26.9 ± 3.57 N · kg -1 respectively. We found a significant correlation between F max in yop chagi and FFM (R = 0.83, p < 0.05). Conclusions: Athletes should fight using a stance where the dominant limb is moved further away from the target in order to strike with maximum force.
Introduction
Olympic taekwondo is known for its very dynamic sports fighting, in which the athletes perform strikes mainly with their lower limbs. It is believed that one of the most important factors that may have an impact on the course of the fight is the force of the strike [10, 16] . To date, the evaluation of the impact force in the laboratory environment has been performed using various methods [5, 7, 9-11, 15, 17, 18] . With the multitude and variety of methods used, the impact force is recorded within a very wide range of results. Furthermore, the impact force may depend on a number of different factors, such as the sports skill level [9] , the athlete's ability to use total body mass [16] , the distance from the target [7] , or the attack technique [17] . It was found that the impact force of the roundhouse kick (dollyo chagi) with the rear leg is significantly higher than the front leg [3, 5] because the rear leg moves in this case at a higher speed [14] . On the other hand, the results of the force of the strikes performed with dominant and non-dominant limbs are inconsistent [10, 16] . It is worth noting that the absolute impact force of strikes may differ between athletes with different body mass [16] . Therefore the participants of taekwondo competitions are divided into a number of weight categories [8] . Consequently, body mass control is an integral part of the training process and is usually achieved by maintaining a low level of body fat [2] . An extremely important aspect of preparation for competitions is to maintain an optimal ratio of body fat to muscle tissue. Too rapid weight reduction can have a negative impact on the ability to cope with the demands of sports fighting [6] . The aim of the study was to compare the differences between the impact force of kicks performed with the dominant and non-dominant limbs and its correlation with anthropometric indicators.
Material and methods

Participants
Six athletes took part in the research ( Table 1 ). All the athletes were members of the Polish national Olympic taekwondo team and had high skills confirmed by a master's rank (black belt). All the participants were medalists of the national Olympic taekwondo championships and declared the right leg as a dominant limb. None of them reported any injury of the lower limb joints for six months prior to the study. Eth ical approval for this study was provided by the Local Ethi cal Committee at the Institute of Sport -National Research Institute, Warsaw, Poland, no. KEBN-16-20-MG. Written informed consent was obtained from the participants. The study was conducted in accordance with the Declaration of Helsinki.
Anthropometric measurements
Body height was assessed using a Siber Hegner anthropometer (Zurich, Switzerland) with accuracy of 0.1 cm. Body composition, including body mass (BM), percent of body fat (FATP), fat mass (FATM), fat-free mass (FFM) and muscle mass (MM), was determined by bioelectric impedance analysis using a Tanita MC 180MA instrument (Japan).
Impact force measurement
Strike force was measured using a dynamometric punching bag with an embedded accelerometer. It is a long, cylinder-shaped bag (L = 1.8 m; D = 0.42 m; mass = 41 kg) consisting of a stiff inner cylinder and an outer layer to absorb the shock (for details see [3, 5] ). For measurement purposes, two tri-axial ac celerometers with triaxial gyroscope modules mounted on the edge surfaces of the punch ing bag's inner cylinder base were applied. Computation of the impact force of the strike was calculated using BTS6v0 software ("JBA" Zb. Staniak, Poland). The data were collected with a frequency of 500 Hz and filtered using a Butterworth digital low-pass filter with cut-off frequency of 50 Hz. Two signaling diodes were attached to the bag. The measurement error of acceleration is less than 1%. The accelerometer-based method results show that the mean relative error of force calculation is 3%.
The two attack techniques most commonly used in sports fighting were analyzed: roundhouse kick (dollyo chagi), performed with the rear leg, i.e. that further from the target, and side kick (yop chagi), performed with the front leg, i.e. that closer to the target, without making any additional step forward. The task of the participant was to kick a punching bag with as much force as possible upon a light signal, which was a flash of a light emitting diode [1, 7] . The time between the LED flashes was random.
The time interval between each LED flash was calculated using the following formula:
Interval [s] = constant interval [s] ± random interval [s]
Constant time interval was set to 5, and random time interval was a random number between 0 and 1.
All kicks were performed from the fighting stance. Each participant's preferred target distance was used as the execution distance [12] . No bounce was allowed during preparation and there was no audio instruction or command [13] . Five strikes were recorded for each technique. The techniques with the highest value of the impact force were chosen for the analysis.
Statistical analysis
Distribution of all variables investigated was evaluated by the Shapiro-Wilk test. All variables were normally distributed. A repeated measures analysis of variance was used to compare the study results between the dollyo chagi and yop chagi techniques. The significance of differences between means was evaluated post hoc with the Scheffe test. Differences of anthropometric indicators were evaluated with the dependent sample t-test. Relationships between all variables were assessed by calculating Pearson's linear correlation coefficients. For the statistical analyses, the value of α = 0.05 was considered as significant. All computations were performed with STATISTICA software (v. 12.0, StatSoft, USA). Table 1 contains the results of anthropometric measurements of the athletes. in the left (p < 0.05). The right limb was characterized by significantly greater lean body mass (p < 0.01) and skeletal muscle mass (p < 0.01). Table 3 includes the measured values of the maximum impact force and the relative impact force of the kicks. The values of the maximum impact force of dollyo chagi were significantly higher than those of yop chagi in the case of both the dominant and non-dominant limbs (p < 0.05).
Results
The impact force of the dollyo chagi kick performed with the dominant limb was significantly higher than that performed with the non-dominant limb (p < 0.05). Table 4 contains Pearson's correlation coefficients between measured variables. A statistically significant correlation was found between the force of yop chagi performed with the non-dominant limb and lean body mass of the dominant limb (R = 0.84; p < 0.05). 
Discussion
The aim of the study was to compare the differences between the impact force of kicks performed with the dominant and non-dominant limbs and its correlation with anthropometric indicators. In our study, the values of the maximum impact force of dollyo chagi were higher than those of yop chagi in both dominant and non-dominant limbs. In the case of the dominant limb, the impact force of the dollyo chagi kick was significantly higher compared to the non-dominant limb (p < 0.05). The impact force of the yop chagi kick did not differ between the dominant and non-dominant limbs. Furthermore, in the dominant limb, the percentage of body fat was lower than in the non-dominant limb, whereas the muscle mass was higher.
One of the most important parameters in combat sports which have a direct impact on the effectiveness of the fight is the impact force of strikes. Differences in the impact force of taekwondo kicks performed by the dominant and non-dominant limbs have been evaluated in several studies. In Polish elite athletes, the impact force of yop chagi with the dominant limb was higher compared to the kick performed with the non-dominant limb (9015 ± 2382 [N] and 8294 ± 2308 [N], respectively) [16] . The findings published by Pędzich et al. [16] and our results are contradictory to those presented by Falco et al. [10] . The impact force of dollyo chagi performed with the non-dominant limb by Spanish athletes was between 867 and 1024 [N] , and did not differ from the values recorded for the dominant limb, which ranged between 961 and 1318 [N]. The results depended on the distance from which the kick was performed. In our opinion, the occurrence or absence of differences in the impact force of the strikes between the dominant and non-dominant limbs may result from the technical skills, experience or sports skill level of the taekwondo competitors [7, 10] . Furthermore, how a strike is performed may be associated with the dynamically changing sports regulations. Changes in rules could affect some technical and tactical aspects of fighting. The lack of statistically significant differences in some studies could also be caused due to different ways of presentation of the results. Some authors normalized force values depending on body mass, while others did not [7] . Differences in measurements may also result from different methods of assessing the impact force, e.g. a bag filled with water [17] , a punching bag with an embedded accelerometers [5] , force plate [16] or a system based on piezoelectric pressure sensors placed in a dummy [10] . Due to different techniques of measuring the impact force, there is a problem with the interpretation of the results and their comparisons between each other. It seems that the measurement results are substantially affected by the design of the measurement system and its inertia.
To the best of our knowledge, few studies have described differences in the measured impact force of both yop chagi and dollyo chagi techniques of Olympic taekwondo players [17] . Buśko et al. [5] and Buśko and Nikoladis [3] analyzed the differences between the force of dollyo chagi performed with the front and rear leg. In these studies, the impact force of the roundhouse kicks was significantly lower when the kick was performed with the leg closer to the target than when it was performed with the rear leg (further from the target). The analysis of differences between kicks performed in two variants -with the front and rear leg -in studies by Buśko concerned only dollyo chagi kicks, whereas in our study, two kicks were compared: yop chagi with the front leg and dollyo chagi, performed with the rear leg. This makes it impossible to directly compare the results of our research with the findings of the above-mentioned authors. It can be observed, however, that the kicks with the limb positioned further away from the target were significantly stronger. Differences in the impact force of the kicks performed with the front and rear leg may result from the distance the foot of the kicking leg has to cover. Greater distance allows the athlete to accelerate the limb for a longer time before the impact [14] . Furthermore, the impact force is generated in a different way in the case of the attack techniques tested in our study. The impact force of dollyo chagi technique is produced mainly through the skillful use of energy transfer, in accordance with the principle of the kinetic chain [9, 10] . In the case of the side kick (yop chagi), which can be described as a dynamic push, the force of the blow comes mainly from the athlete's skilful use of his or her own body mass [16] . When performing the kick, the athlete first lifts the front leg, bending it at the knee joint at the same time. Next, they bounce towards the opponent with their rear leg in order to extend the knee and hit the target in the final phase of the kick. The attack technique presented in this way requires strong muscles of the support leg, responsible for a dynamic rebound from the ground. In our study, we found a correlation between the lean body mass of the dominant limb and the force of yop chagi performed with the non-dominant limb (R = 0.84, p < 0.05). There are different opinions in the literature on the relationship between body mass and the impact force of taekwondo kicks. Pędzich et al. [16] reported a correlation between the maximum force of yop chagi and body mass of the athletes. Estevan et al. [7] found a correlation between the impact force of dollyo chagi kicks and body mass of athletes only for those with shorter training experience. In our study, there were no statistically significant correlations between the impact force of the kick studied and body mass of athletes. However, a correlation was observed between the impact force of yop chagi and lean body mass (R = 0.83, p < 0.05). The lack of statistically significant correlations may result from the small number of study participants, which is the greatest limitation of our study.
In conclusion, dollyo chagi is a kick that allows a higher maximum impact force to be generated for the dominant and non-dominant limb, compared to yop chagi. The difference in the impact force between the kicks performed with the dominant and non-dominant limbs occurs only in the case of a roundhouse kick performed with the rear leg. There is a significant relationship between the impact force of taekwondo kicks and lean body mass of the athlete. We recommend athletes to fight using a stance where the dominant limb is moved further away from the target in order to strike with maximum force.
